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1. The single-stranded DNA bacteriophage DX174 (ref. 3) , when assayed for loss of plaque formation, has an ultraviolet action spectrum with a minimum at a longer wavelength than that of the double-stranded DNA bacteriophage T2.
The action spectrum of 4X174 changes from pH [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] like the changes in the absorption spectrum of the sum of the DNA pyrimidines,4 which are known to be more ultraviolet-sensitive than the DNA purines.6 However, the absorption spectrum of 4'X174 reflects the sum of the absorption of both purines and pyrimidines.
2. During intracellular development of T2 the action spectrum for loss of plaque formation approaches the shape of the 4DX174 spectrum.2 The interpretation of this shift as a change from a two-to a one-stranded state of the viral DNA is supported by the appearance of ability to fix complement in intracellular T4 DNA,6 this serological activity being associated with heat-denatured but not native DNA.
3. The action spectrum of intracellular FX174 shows a shift to an ordered type. There is also evidence that the DNA of this virus becomes less dense during intracellular development, suggesting conversion to a more ordered structure. 8 That the observed differences in action spectra are the result of differences in DNA organization could be critically tested by comparison of action spectra of DNA that has been irradiated in known ordered and disordered states. This comparison is possible with bacterial transforming principle, since biologically active but almost pure DNA can be irradiated in two conditions: (1) the native, ordered state and (2) at temperatures above the melting point, where the hydrogen bonds are no longer present and the DNA may be considered disorganized.
The experiments on Hemophilus influenzae described in this paper show that the action spectra of ordered and disordered DNA differ as postulated.
Materials and Methods.-The methods used in the transformation procedures were essentially those described previously,9 with some later modifications.'0 H. influenzae cells (Rd strain) were grown in 3.5% Difco Brain Heart Infusion supplemented, after autoclaving, with 1.9 mg/liter diphosphopyridine nueleotide (DPN) and 4.75 ml/liter hemin solution. The hemin solution was prepared with 10 mg hemin, 10 mg L-histidine, 9.6 ml H20, and 0.4 ml 100% triethylolamine. The mixture was heated at 60'C for 10 min. The agar medium used for assaying the transformation activity was 2.7% Difco Brain Heart Infusion, 0.7% Eugonbrclh (Baltimore Biological Laboratory), and 1.2% agar, supplemented with DPN and hemin solution, as in the liquid medium.
Streptomycin was added to give a final concentration of 500 gg/ml. Transforming DNA containing the streptomycin marker was prepared as previously described.9 ' Monochromatic ultraviolet irradiations were performed on DNA samples contained in covered quartz euvettes. A water-prism monochromator was used at Yale and a Hilger quartz-prism monochromator at Oak Ridge, both instruments having a 20 A band width. The water prism instrument delivered twice the intensity as the Hilger. The light sources were high-pressure mercury are lamps (Philips SP-500). Doses at each wavelength were varied by changing the time of irradiation. Incident intensities were measured with a calibrated photocell and DC amplifier. They were ccrrected at each wavelength for absorption by the DNA solution, as measured in a Beckman spectrophotometer at the temperature used for irradiation, so as to determine an average intensity through the sample.11
The DNA was suspended in 0.4 M NaCl for the irradiations. Citrate was omitted because at high temperature the 0.014 M trisodium citrate usually employed with transforming factor strongly absorbed ultraviolet light of wavelengths below 2,400 A. When the correction to the incident intensity is too large, the precision of the average intensity measurement is reduced. This may be avoided by keeping the I)NA concentration to a maximum of about 8 ,gg/ml. The per cent transmission was usually greater than 50.
The high temperatures were maintained during irradiation by passing hot water through a Lucite box containing the quartz cuvette. There was a quartz window in the Lucite box for the incident light. Temperatures were constant within ±0.50 during the irradiations. Two milliliters of the DNA solution were usually placed at the high temperature in the irradiation chamber 5 min before the start of the irradiations to enable the melting process to take place. It was found that about 1 or 2 min at 980C were sufficient to obtain the maximum amount of absorption increase (hyperchromic effect) that could occur. The solution in the cuvette was stirred by a magnetic stirrer during heating and irradiation. Samples of around 0.2 ml volume were removed with heated pipettes from the cuvettes after various times of irradiation and placed in vials at room temperature. Under these conditions, samples came to room temperature in a minute or so. Assays for transformation activity were made after the samples had cooled.
Experimental Results and Discussion.-It has been shown that inactivation by light of wavelength 2,537 A of H. influenzae transformation principle, for a number of drug markers, obeys over a wide range an inverse square law.12 The dose-sur-vival relation is V\No/N = 1 + CD, where No is the initial number of transformed bacteria, N the number found with transforming DNA given an ultraviolet dose D, and C the sensitivity constant depending on the particular marker. We have also found this relation to hold when streptomycin-resistance-marked transformation principle was irradiated with ultraviolet light of a number of different wave lengths at room temperature and at 850C. At 850C, it was found that there was little or no heat inactivation for times up to 1 hr, whereas the total time at 850C for the experiments reported here was no more than 20 min. Thus, it was considered that the inactivations at 850C were the result of ultraviolet action alone.
The convenient linear plot"2 of ultraviolet transformation data (X\No/N versus D) was used for all our inactivation data. of such graphs. The slopes of these lines are measures of the sensitivity to light of these wave lengths. In all the figures, the curves were fitted by eye, giving somewhat higher weight to control points that were determined from twice as many plates as other points.
A plot of sensitivity versus wave length is an action spectrum. We cannot at present interpret the absolute value of these sensitivities, which vary from one DNA preparation to another. For this reason, all the data presented here were obtained with one preparation, except where otherwise stated. Figure 2 shows the ultraviolet action spectrum for inactivation at 850C of the ability of DNA to transform bacteria to streptomycin resistance, with some adsditional data taken at room temperature. There is little difference in the shape of the two spectra. (The apparent absolute difference in sensitivities at the two temperatures, determined with two different monochromators, is probably a reflection of the fact that absolute intensity measurement is difficult. Inactivations with light of wave length 2,300 A from the high-intensity monochromator produced the same result at 850C as at room temperature.) The action spectra are approximately like the absorption spectrum of the sum of the four base constituents of DNA,13 indicating that a quantum absorbed in any base can eliminate transforming activity with about equal efficiency., Since data obtained from 2,537 A irradiation of free bases and DNA show that the pyrimidines are much more readily affected than the purines, the correspondence between action and absorption spectra indicates that energy absorbed in purines is efficiently transferred to the pyrimidines in the well-organized DNA polynucleotide chain. The somewhat greater (2,600/ 2,300) ratio in the action spectrum may be explained by assuming that quanta absorbed in pyrimidines have a slightly higher inactivation efficiency than those absorbed in the purines. The minimum in the curves is at about 2,320 A, and the spectrum is similar in shape to that of extracellular T2 phage.2 At 980C, there are apparently two phenomena occurring which affect biological activity of transforming principle. One may be considered to be production of irreversible heat damage, and the other the dissolution of the hydrogen bonds with consequent collapse of the rigid structure of the DNA.14 The second process has been shown to be partly reversible under certain conditions.15 Under the conditions used for ultraviolet irradiation at 980C in the experiments reported here, most of the molecules did not reconstitute after cooling so as to regain their biological activity. There was usually only 2-4% of the original activity left after heating to 980C for 5 min and then cooling. The activity remaining after heating is much larger if the samples are slow-cooled. However, the technical difficulties associated with removing a number of samples from the irradiation cell and making sure that they were all identically slow-cooled led us to adopt the fast-cooling procedure.
The molecules that have biological activity after ultraviolet irradiation at 980C are presumably the survivors of ultraviolet damage and heat damage, which reconstitute after cooling. In order to try as far as possible to eliminate the influence of heat on the measurement of the relative effect of wave length on sensitivity, the total time of heating was kept constant for each set of irradiations at the different wave lengths. The total time of heating is the time between the onset of the preheating and the removal of the sample, which had received all the successive intervals of irradiations. This constant time was 15 min for one set, 17 and 83/4 min for two other sets. The per cent survival after heating without irradiation for 15 min was a factor of 2 or 3 less than after 5 min of heating. The factor of 2 or 3 produces a relatively small effect on the result of ultraviolet inactivations done at 980C, since the inactivation caused by radiation is large compared to that caused by the added increment of heat. Figure 3 shows the results of an ultraviolet inactivation experiment at 980C. Fig. 4 . With longer irradiation times (and thus with longer heating times), there was relatively more inactivation from heat than occurred at higher TRANSFORMATION incident intensities. In the case of these data, the measure of sensitivity used was the slope of the lower-dose portion of the curve. Provided the doses and, thus, the heating time were the same, the reproducibility of the slopes of the 980C ultraviolet survival curves was good to around 10%O. Figure 5 shows three determinations of the action spectrum for ultraviolet inactivation of biological activity of transformation principle at 980C. The variables represented by the three spectra are: (1) incident intensities, and, thus, varying heating conditions for a fixed ultraviolet dose, (2) time of preheating, and (3) the DNA preparation used. It can be seen that in all spectra the minimum is at a longer wave length than in the 853C spectrum and is now about 2,380 A., which is closer to that of the single-stranded virus 4X174 (ref. 4) . It is also apparent that there is little difference between the relative sensitivity measurements made on the two monochromators. One set of points was derived from only the initial part of the inactivation curve (as in Fig. 4) , and for the other set the slope of the whole line was used (as in Fig. 3) .
The difference between the action spectra at 980C and at 860C is probably associated with the small probability of energy transfer from purines to pyrimidines when the DNA is a disorganized configuration. The disorganized DNA has an action spectrum like the absorption spectrum of the sum of the pyrimidines alone. In both the 980 and 850C action spectra, the rapid rise in sensitivity at low wave lengths is probably connected with the fact that the quantum yield for pyrimidine destruction increases at wave lengths below 2,300 A (ref. 16) .
A comparison of the absolute sensitivity of transforming principle at 850 and 980C cannot be made from these data, since the inactivation at 980C is not from ultraviolet light alone. In addition to this complication, when the transforming principle underwent heating and rapid cooling before treatment at 2,537A, the ultraviolet sensitivity among the survivors to heat was considerably decreased, as shown in Table 1 . * No in this column is the number of transformed bacteria after the DNA was treated with heat alone; N is the number transformed with DNA treated with heat, cooled, and then irradiated.
It has been reported17 that heterozygous units made by heating and slow-cooling two homozygous DNA preparations, each containing either the streptomycin or the cathomycin marker, are less sensitive to ultraviolet radiation than homozygous units containing the same two markers; in both cases, the ability of the transforming principle to transform bacteria to resistance to both drugs is assayed. This phenomenon may possibly have nothing to do with the heterozygous property of the annealed molecules, but may be a property of all DNA molecules heated above the melting point and then cooled, perhaps reflecting a selection of the molecules by heating and cooling, or a change in the molecules which alters ultraviolet sensitivity.
It appears that the relationship between high-temperature heat inactivation and ultraviolet inactivation is a complicated one. Because we could not eliminate or understand the complications, we have assumed that the relative wave length variation of sensitivity to ultraviolet irradiation and heat is not much affected by the change in ultraviolet sensitivity due to heating. This assumption is strengthened by the similarity in the action spectra obtained with two monochromators whose intensities differ by a factor of approximately 2. In addition, the intensities of the wave lengths close to the observed minima were all approximately the same for each monochromator, so that the determination of the position of the minimum was done with equal intensities as well as equal heating times.
It is possible that the observed biological activity of molecules previously subjected to 980C heat followed by rapid cooling is caused by molecules that were not completely dissociated into single strands at the high temperature. Heterozygous molecules do not form when separate DNA's containing streptomycin and cathomycin markers are heated together and then rapidly cooled.'7 However, with slow cooling it is found that extending the time of heating, or raising the temperature above 100'C, does not result in increased heterozygote formation.'7 In addition, the fraction of biological activity after heating at high temperature and fast cooling is not dependent on concentration.'4 These data suggest two possibilities: (1) the molecules that have biological activity after heating and rapid cooling did not undergo complete strand separation at the high temperature, perhaps because of an occasional covalent bond, which keeps the strands together at one or several points, or (2), as Ginoza and Zimm'4 suggested, denatured DNA can transform with a very low efficiency. However, all that is required for the strands to react to ultraviolet light as though they were single-stranded is that the majority of hydrogen bonds be broken, so that the molecules are in a disordered state. Thus, both explanations for the residual active fraction are compatible with the interpretation of the results given here, namely, that at 980C ultraviolet light is acting upon a disordered molecule and that the alteration in the shape of the action spectrum is due to the structural change from the previously ordered hydrogen-bonded macromolecule.
The shapes of the absorption spectra of DNA at 850 and at 980C are very similar, because the magnitude of the hyperchromic effect at wave lengths below 2,800 A is approximately wave-length-independent. The action spectra, however, are different. The differences may be explained in terms of the increased localization of absorbed ultraviolet energy in the disordered, nonhelical DNA molecule at 980C so that the relative sensitivity to inactivation as a function of wave length more closely approximates the absorption of the much more ultraviolet-sensitive bases in DNA, the pyrimidines.
Summary.-H. influenzae DNA has been irradiated with monochromatic ultraviolet light of different wave lengths, and the DNA was assayed for ability to transform bacteria to streptomycin resistance. The irradiations were performed with the DNA at 850 and at 980C, temperatures below and above the melting temperature of the DNA. The action spectrum at 850C shows a minimum at about 2,320 A, and that at 98"C is at about 2,380 A. The 980C spectrum is considered to be different because the DNA molecules at this temperature are disordered. This difference confirms the hypothesis previously advanced by the authors to explain differences in the action spectra of one-and two-stranded bacteriophages.
